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ABSTRACT  
 
Climate change [1], the increase of urbanization and urban creep [2], as well as aging drainage 
infrastructure [3], will increase the frequency, magnitude and impact of pluvial flooding events 
in the UK and worldwide. Pluvial flood models [4] are increasingly being used to assess flood 
risk, however it is difficult to accurately calibrate and validate such models due to the paucity 
of field data. The rate of exchange between above and below ground flows (i.e. sewer/surface 
flows through conduit, such as manholes and gullies) is one aspect of flood modelling, which 
lacks validation data. Physical models may be used to provide some of these datasets.  
This paper describes a unique surface/subsurface model built to provide a supporting 
experimental datasets in order to validate computer modelling results and experimentally 
quantify the interaction of flow between the below and above ground systems for a range of 
pluvial conditions. 
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INTRODUCTION 
 
It is anticipated that the frequency and magnitude of pluvial flood events will increase due to 
the following drivers: 
- Urbanization, with the consequent reduction of pervious areas due to construction (e.g. 
roads, parking spaces and pavements) ; 
- Age and deterioration of existing infrastructure, reducing the efficiency of sewers in 
terms of flow discharge. 
- Climate change, increasing the frequency of extreme precipitation events. 
Hydraulic modelling tools are commonly used to investigate and mitigate the risks of urban 
flooding.  
Modeling tools are commonly based on the St-Venant equations, which use concepts of mass 
and momentum conservation to characterize flow in pipes and open conduits within a user 
defined network.  
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                                         Conservation of Momentum      (2) 
Where: 
x = distance along the conduit (m) 
t = time (s) 
A = cross sectional area (m
2
) 
Q = flow-rate (m
3
/s) 
H = hydraulic head of water in the conduit (m) 
Sf = friction slope (m/m) 
hL = local energy loss per unit length of conduit (m/m) 
g = acceleration of gravity (m/s
2
) 
 
In “Dual Drainage” models the surface flow is normally simulated in 1D or 2D, while the sub-
surface flow is modeled by 1D models [5]. Above and below ground flows interact at hydraulic 
junctions such as manholes and gully’s. This is commonly represented within Dual Drainage 
models as specific weir and orifice equations which ideally need to be calibrated experimentally 
[6, 7], or using Computational-Fluid-Dynamic (CFD) simulations, usually 3D or 2D, that can 
account for all the complexity of the hydraulic linkage structure [8, 9].  
Despite increasing use, the calibration and validation of such models is inherently difficult due 
to the infrequent and uncertain nature of flood events. Current validation datasets often 
comprise of approximated depth data from CCTV images. Such datasets have a poor spatial and 
temporal resolution and do not provide data regarding velocity fields or other complex flow 
data. In such simulations, instrumented physical models may provide valuable high resolution 
real time data of water depth, velocity fields, pressure in sewer pipes, pressure on the urban 
surface and amount of flow exchange between above and below ground systems.  
The development of a suitable physical modelling facility is a non-trivial task. Above and 
below ground flows must be represented and scaled accurately.  
This paper described the development of a new experimental physical model which will be used 
to provide calibration and the validation datasets for flood models. Initial results concerning the 
hydraulic interaction between sewer-surface flows are presented. 
 
METHODOLOGY 
 
An experimental scale model urban flood facility has been built in the hydraulics laboratory at 
the University of Sheffield.  
The facility consists of a “below ground”, a sewer pipe, at 1/6 geometrical scale of a standard 
UK sewer, and an “urban surface”, a wide channel flume with a 1/1000 slope.  
The two systems are connected via a linking manhole structure again at 1/6 geometrical scale. 
Previous studies have been completed by the authors to analyze the hydraulic performance of 
the sewer system in isolation with the simulation of steady flow and unsteady scaled flow-rates 
generated by measured rainfall events, and the comparison of experimental data with computer 
modeling results obtained with SIPSON, SWMM and InfoWorks [10, 11]. 
The laboratory model consists of: 
 Header tank to deliver flow for each system; 
 75 mm (internal) diameter pipework utilized as pipework in supplying flow; 
 100 mm (internal) diameter utilized at the outlet section of the prototype; 
 Measuring tank utilized in the calibration of the installed flow meters. 
The laboratory prototype is permanently fitted with the following instrumentation: 
 Electro-magnetic (MAG) flow meters (x2 in the inlet, 2 in the outlet) of 75 mm 
(internal) diameter (calibrated with measurement tank in steady flow conditions); 
 Flow control valves J3 (x2), butterfly operation; 
 Pressure (vertical) sensors, Gems series 5000 (x3 on the below system, x6 on the urban 
surface). 
 
Figure 1.  Plan view of the physical model.  
   
Figure 2.  Geometric material inserted in the inlet tank. 
To provide even flow into the surface, the inlet tank has been filled with baffle material. Flow 
depth of the surface is controlled by an adjustable weir at the flume outlet. For each flow rate 
tested within the tests described here, uniform flow is achieved by adjusting the weir until flow 
depth is constant with longitudinal position for a flow exchange rate of zero.  
 
Scaling Factors 
In order to replicate scaled flood flow events faithfully, flows within physical models need to be 
scaled by appropriate scaling factors. When modelling free surface flow it is common to scale 
flows to achieve a similitude of Froude number between real and scaled flows [12]. The 
Similitude of Froude implies that: 
 
                                                                                                                                           (3) 
 Applying this Similitude, secondary scale ratios can be derived as follow: 
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Considering Eq. 5 and the physical model dimensions (Fig.1), the current inlet system of this 
experimental tool enables mean free surface velocities velocities within the range of 0.1 – 0.35 
m/s which correspond to the range 0.25 – 0.75 m/s for a full scale system with a geometric 
scaling factor based on the size of the manhole (i.e. 1/6). 
In contrast to open channel flow, pressure losses in pipes are related to Reynolds number, hence 
for pipe systems it is common to scale flows using Reynolds number similitude.  
 
                                                                                                                                         (6) 
 
Based on a similar procedure outlined above the maximum pipe flow that can be simulated 
provides a range of velocities within 0.04 – 0.4 m/s. The physical model described here is novel 
in respect to the fact that both free surface and pressurized pipe flow are simulated. In practice, 
when using the same fluid for both systems, it is not possible to simultaneously satisfy the 
Froude and Reynolds criteria for a unique system. When reproducing a real event via scaling, 
care must therefore be taken to identify the phenomena being examined and scale inlet flows 
appropriately. 
E.g. in order to investigate the flow exchange between the two systems while duplicating a 
scaled real rainfall event may require different scaling factors being applied to below and above 
ground inlets. 
 
Flow Exchange 
One application of the facility is to investigate flow exchange from sewer to surface flows in 
surcharge events and investigate the applicability of orifice linking equations utilized in 
hydraulic flood models. Within the physical model during steady flow events, flow exchange 
can be quantified via mass balance equations using measured flow data at the facility inlets and 
outlets as follows: 
 
                                                                                                                                                                               (7) 
 
    
Figure 3.  Scheme of flow exchange and pressure measurement points (Px) on the urban surface 
around the manhole. 
 
According the framework proposed by Djordjevic et al., [13], flow exchange is dependent on 
the relative head between sewer and surface flow as defined by the orifice equation. With this 
experimental tool, pressure head within the below ground system can be measured directly by 
the use of three pressure transducers, located respectively upstream, downstream and inside the 
manhole. Pressure (depth) on the surface can be measured using six pressure transducers: one 
located upstream the manhole, one downstream with additional two on the right and two on the 
left to cover the entire area, as displayed in figure 3.  
The hydraulic head at each point is defined as: 
 
      
  
  
                                                                                                                           (8) 
Where:  
H = Hydraulic head (m) 
v = velocity (m/s) 
P = Pressure (m) 
g = acceleration of gravity (m/s
2
) 
z = height above datum (m) 
 
Within this system datum is defined as the free surface level. Velocity at each point in the 
system can be calculated using mass conservation principles and knowledge of inlet and outlet 
flows, pipe geometries and free surface depths. 
 
RESULTS  
 
The work in this paper presents initial results to investigate the suitability of the orifice equation 
to represent sewer to surface flow under steady flow conditions within surcharge events. The 
orifice equation is defined as: 
 
       √                                                                                                                   (9)                                                                                
 
Where: 
Cd = discharge coefficient (/) 
g = gravitational constant (m/s
2
)  
Ao= area of orifice (manhole) (m
2
) 
hu = Hydraulic head within the pipe system (m) 
hd = Hydraulic head of free surface flow (m) 
 
      
Figure 4.  Examples of sewer to surface exchange simulated with the experimental facility. 
Lab tests have reproduced this surcharge scenario for a range of steady flow events. Flow and 
hydraulic head at each measurement location are presented in table 1. 
 
Table 1. Exchange flow-rate, pressure components and hydraulic head upstream, downstream 
and on the manhole and hydraulic conditions inside the manhole and on the urban surface. 
 
Test 
N. 
Qe (l/s) 
Pipe 
Head 
US 
(m) 
Pipe 
Head 
DS 
(m) 
Surface 
Head 
US  
(m) 
Surface 
Head 
DS 
(m) 
Urban 
Surface 
Head 
(m) 
Total 
Head 
Losses 
Ht (m) 
Rep 
(/) 
Frs 
(/) 
1 1.26 0.584 0.520 0.539 0.565 0.0107 0.0376 93665 0.525 
2 2.46 0.638 0.549 0.530 0.578 0.0119 0.0399 113894 0.534 
3 3.57 0.701 0.585 0.525 0.597 0.0128 0.0441 133485 0.541 
4 4.39 0.757 0.614 0.523 0.611 0.0135 0.0542 148810 0.545 
5 5.05 0.799 0.637 0.521 0.625 0.0139 0.0586 159924 0.547 
6 5.51 0.833 0.654 0.521 0.638 0.0139 0.0618 167857 0.548 
Where Rep= Reynolds through the pipe and Frs = Froude on urban surface. 
Based on scaling factors, as discussed in section “scaling factors”, the tests conducted here 
represent a “full scale” flow velocity range of 0.21-0.38 m/s within the pipes and 0.19-0.25 m/s 
on the urban surface. Fig. 5 presents the relationship between the total energy losses within the 
system and velocity head of the inlet flow. Fig. 6 presents the relationship between the 
hydraulic head difference between pipe and surface flow (upstream of the manhole) and flow 
exchange. 
 
Fig.5. Total energy losses within the system and velocity head of the inlet flow. 
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 Fig.6. Flow exchange as a function of head difference measured immediately upstream of the 
manhole. Error bars represents expected measurement error within the flow and pressure 
instrumentation. 
 
Linear interpolation of the relationship presented in figure 6 suggests discharge coefficients are 
obtained for each pressure sensor utilized and the range of Co is between 0.06-0.095 for the 
tests conducted here. These results provide additional data in terms of flow exchange and 
application of orifice equation to previous datasets presented for example by Martins et al., 
2012 [14], where the range of Co  was 1.67-2.68, or by Fester et al., 2010 [15], where long 
orifices are characterized by the range of Co  0.1-0.9. 
 
CONCLUSIONS 
This paper has presented the development of a physical model for investigating flow exchange 
between a sewer system and an urban surface. This innovative experimental tool will be used to 
provide essential hydraulic data to support the computer modelling analysis of the evaluation of 
urban flood risk. Data acquired will be used to calibrate and validate 1D/2D computer 
modelling tools, and provide further data on the interaction between a sewer system and an 
urban surface, including surface to sewer interaction and a greater range of flow conditions 
(including unsteady flow events). 
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